Antiterminator RNA directly modifies the transcription elongation complex so that it terminates less efficiently at intrinsic and factor-dependent terminators. These unusual RNAs were first discovered in bacteriophage HK022, where the nascent transcripts of the phage put sites promote full expression of phage genes during lytic infection. The activity of antiterminator RNA depends on specific structural elements that form as the transcript exits RNA polymerase. To further our understanding of the critical sequence features that permit RNA to serve as a transcriptional antiterminator, we have identified eight antiterminator RNA sequences in bacteriophages or prophages. There is strong sequence conservation among most of the put sequences, but sequence divergence is tolerated if critical structural elements are preserved. The most diverged antiterminator RNA is found in bacteriophage HK639. The HK639 putL transcript is an efficient antiterminator, and it has a novel structural feature that is critical for its activity. HK639 also displays a unique pattern of sensitivity to amino acid substitutions in the ␤ subunit zinc binding domain of RNA polymerase, adding to existing evidence that this domain interacts specifically with antiterminator RNA.
Persistent transcription antitermination was first discovered in bacteriophage , and it is a common regulatory mechanism found in members of the phage family (reviewed in references 12, 23, and 35). In , full expression of most of the early genes requires the binding of an RNA binding protein encoded by the N gene to specific sites called nut, located in the early nascent transcripts. The N-nut complex modifies RNA polymerase so that pausing and termination at downstream sites is suppressed. Several host-encoded proteins stabilize the N-nut-RNA polymerase complex through protein-protein interactions (25) . Bacteriophage HK022 is a member of the family of phages and also uses processive antitermination to transcribe most of its early genes (36) . However, the modification of the elongating RNA polymerase is accomplished in a surprisingly different way. No protein, other than RNA polymerase, is required for antitermination (15, 21) . This factorindependent antitermination mechanism is mediated by the transcripts of two closely related cis-acting phage sites, putL and putR (polymerase utilization, left and right, respectively), that directly modify RNA polymerase so that it reads through downstream terminators with increased efficiency (15, 16) . The put transcripts of HK022 are predicted to form similar structures, each consisting of two stem-loops separated by an unpaired base (2, 15) . The structures differ from each other in the lengths of the stems and the location, composition, and size of various bulges and loops, but they have nearly identical antitermination activities. The proposed put RNA structure is based on computer modeling, genetic studies, and enzymatic structure-probing experiments on in vitro-synthesized put RNA. Nevertheless, our understanding of the functionally and structurally important features of antiterminator RNA has been limited by the availability of only two known examples of these unusual RNA molecules, both of which are encoded by HK022. Here, we report the identification and characterization of antiterminator RNA sequences carried by newly discovered bacteriophages and prophages.
MATERIALS AND METHODS
Bacterial strains, plasmids, and bacteriophages. Bacterial strains, plasmids, and bacteriophages are listed in Table 1 .
Phage and bacterial growth. Bacteria were grown in Tryptone or Luria-Bertani (LB) broth at 37°C unless otherwise noted. Antibiotics were added (when required) at the following concentrations: ampicillin (100 g/ml; 25 g/ml for screening recombineering candidates), kanamycin (15 g/ml). Plasmid-based fusions that contained the HK022 or HK639 promoters were induced with mitomycin C (2 g/ml, final concentration). Bacteriophage were grown and assayed as described previously (1) .
Phage enrichment of environmental samples. Phage enrichments were performed essentially as described previously (20) .
Generation of a clear plaque mutant of HK639. A clear plaque mutant of HK639 was generated to facilitate the consistent recovery of high-titer stocks and to make it easier to identify plaques. A frameshift in the HK639 cI gene was created by filling in a unique BglII site in the cI coding sequence. This mutation was crossed onto the phage, and its presence was confirmed by sequencing.
Cloning the immunity regions of HK75 and HK639. Genomic DNA of HK75 and HK639 was recovered from high-titer stocks of each phage by using the Wizard DNA isolation kit (Promega, Madison, WI). The phage DNA was digested with EcoRI and ligated into EcoRI-digested pUC18 plasmid. The ligation products were electroporated into XL-1 electrocompetent cells, and the clones were identified by blue-white screening. Clones containing the immunity region were identified by screening for phage resistance.
DNA sequencing. DNA sequencing was accomplished using the didexoy method of Sanger. Electrophoretic separation and identification of sequencing products was done using an Applied Biosystems DNA analyzer.
␤-Galactosidase assays. ␤-Galactosidase activity was assayed in a microtiter plate format essentially as described previously (15) . Cells were grown in Tryptone broth or in LB supplemented with antibiotics (when appropriate) in 125-ml flasks. All cultures were incubated at 37°C with shaking unless otherwise noted. For reporter fusions carried on multicopy plasmids, mitomycin C was added to exponentially growing cultures 3 h before assay to inactivate the phage repressor. For reporter fusions present in single copy on the chromosome, the steady-state level of ␤-galactosidase activity was determined. In all assays, the kinetics of o-nitrophenyl-␤-D-galactopyranoside hydrolysis was measured using a microtiter plate reader interfaced with a microcomputer running appropriate software Cloning of put-like sequences into antitermination reporter constructs. The oligonucleotide sequences used to amplify desired regions of the HK639 genome and the details of the assembly of the reporter constructs are available upon request. The parental vector for all the lacZ reporter fusions was pRS415 (30) .
Mutant constructs. The HK639 putL mutations were generated by PCR (18) . A megaprimer for deleting the unpaired G between stem-loop I and stem-loop II of the predicted HK639 putL structure was amplified by PCR using appropriate paired primers and a plasmid template that carried the HK022 P L -HK639 putL fusion (pRAK775). In the second amplification step, the megaprimer was paired with an oligonucleotide that allowed the regeneration of the full-length construct. The deletion of the unpaired A between stem-loop I and stem-loop II of the predicted HK639 putL structure was generated as described above. All mutations were confirmed by sequencing the entire insert. To remove the transcription terminators, the constructs were digested with HindIII and BamHI. The sticky ends were filled (End-It kit; Epicentre, Madison, WI), and the bluntended products were religated.
Crossing fusions onto the Escherichia coli chromosome. The glyT-kan fusion, the TrЈ-T1-T2-glyT-kan fusion, and single-copy versions of the lacZ reporter fusions were generated by recombineering (28) . The DNA used for recombineering was generated as follows. The glyT-kan fusion was amplified from strain SB1430, and the TrЈ-T1-T2-glyT-kan fusion was amplified from strain SB1408 using appropriate paired primers that contained approximately 50 bp of sequence homology to the targeted regions. The HK639 P L -HK639 putL sequence and the HK639 P L -HK639 putL-TrЈ-T1-T2 sequence were amplified from pRAK773 by using appropriate paired primers that contained approximately 50 bp of sequence homology to the targeted chromosomal region. The HK022 P L -HK639 putL sequence and the HK022 P L -HK639 putL-TrЈ-T1-T2 sequences were amplified from pRAK775 and pRAK824, respectively, using appropriate paired primers that contained approximately 50 bp of sequence homology to the targeted chromosomal region. In all cases, the purified PCR product was electroporated into an electrocompetent recombineering strain (RW4749, SB1461, or RK1145) that had been previously induced to express the recombination functions. After electroporation, the cells were incubated for 1 h at 30°C before plating. Recombinants in strains RW4749 and SB1461 were selected by incubating the plates at 42°C overnight. The persistent induction of the recombination functions and the kil gene is lethal. Cells that successfully replaced the genes with the electroporated DNA survived. Recombinants in strain RAK1145 were selected for kanamycin resistance. All of the chromosomal fusion junctions were verified by amplifying the recombined sequences with appropriate flanking primers and sequencing the amplicon.
Preparation of competent cells for recombineering (28) . Overnight cultures of the recombineering strain were diluted 1:100 in LB in two separate flasks and grown at 30°C until the A 600 reached 0.3 to 0.4. One flask was transferred to a 42°C bath for 15 min (with shaking). Incubation of the other flask (uninduced control) continued at 30°C. After this period, both flasks were quickly chilled in an ice water bath, and the samples were kept cold throughout the remaining manipulations. Samples from each culture were pelleted by centrifugation. The supernatant was discarded, and the cell pellets were washed with ice-cold 10% glycerol. This was repeated 3 times. After the final wash, the pellet was suspended in 1.5 ml of 10% glycerol, and the entire volume was transferred to prechilled 1.5-ml centrifuge tubes. The cells were pelleted and the supernatant was discarded. The pelleted cells were suspended in 40 l of ice-cold 10% glycerol. The freshly suspended cells were used immediately for electroporation.
RESULTS
Identification of phages with antiterminator RNAs. To identify additional examples of put-like antiterminator RNAs, phages from the collection of T. S. Dhillon (Hong Kong University and kindly provided by Robert Weisberg, NIH) were screened for their ability to grow on wild-type E. coli (MG1655) and on an isogenic host that carries the rpoC-Y75N mutation. This single amino acid substitution in the highly conserved zinc binding domain (ZBD) of the RNA polymerase ␤Ј-subunit efficiently blocks the activity of the HK022 antiterminator RNAs and prevents phage growth (4) . Three out of 78 viable phages from the Dhillon collection, HK75, HK78, and HK639, were unable to form plaques on lawns of the mutant host. We also screened enriched samples from municipal sewage and animal waste obtained from porcine or bovine waste lagoons. No additional phages with the desired phenotype were recovered from these samples.
Our isolates of bacteriophages HK75 and HK78 are clear plaque mutants of the original temperate phages, whereas HK639 is capable of forming lysogens. An analysis of phage immunity was done to test for relationships among these phages. Lysogens are "immune" to superinfecting phages, whose operator sites can be bound by the repressor protein expressed by the resident prophage. To test for immunity, phage dilutions were spotted onto lawns of different lysogenic strains, including HK022, , imm434, and HK639. This analysis revealed that HK75, HK78, and HK022 are homoimmune. However, the immunity of phage HK639 differed from this set of phages. Genomic DNA from HK75, HK78, and HK639 was purified and subjected to restriction analysis with EcoRI. The pattern of the observed fragments showed that each of the newly identified phages was different from HK022. In agreement with Dhillon et al. (8), we found that phages HK75 and HK78 have the same EcoRI restriction pattern (data not shown). These results suggest that HK75 and HK78 are the same phage; therefore, no further analysis of HK78 was performed.
Recovery of immunity region clones of HK639 and HK75. In lambdoid phages, the immunity region encodes several important regulatory functions, including the CI and Cro repressors, their cognate binding sites (operator sequences), and the early leftward (P L ) and rightward (P R ) promoters (10) . The CI repressor mediates immunity, and it is expressed from a dedicated promoter (P RM ). In bacteriophage HK022, the put sites are located in the immunity region and flank the gene encoding the prophage repressor and the associated P L and P R promoters (22) . Therefore, we began our search for put-like sequences in HK639 by cloning the immunity region into a plasmid (see Materials and Methods). Plasmid DNA was isolated from a clone that conferred immunity to an HK639 clear plaque mutant, and the sequence of the phage DNA insert was determined. We used a somewhat different approach for HK75, since our isolate of this phage contained a clear plaque mutation, as already noted. In this case, we introduced an HK75 plasmid DNA library into a strain that expressed the homoimmune HK022 repressor from a compatible plasmid to avoid potential problems associated with uncontrolled transcription from the P L and P R promoters (34) . We then screened the resulting clones for the presence of the nun gene, because we expected that this gene, which is immediately downstream of the P L promoter in HK022, would be present in the same location in HK75 (22) . Indeed, we isolated a clone with the Nun phenotype (resistance to infection with phage [see reference 24]), and sequence analysis confirmed that this clone contains the nun gene.
DNA sequence analysis of the immunity regions of HK75 and HK639. Sequence analysis of the immunity region clones revealed that HK75 and HK022 share a high degree of identity in this region. This includes the cI and nun genes and the putL and putR sites. However, the IS903 element located downstream of nun in HK022 is not present at the corresponding location in HK75 (22) . Genetic maps of the immunity regions of HK75 and HK022, HK639, and ET88 are shown in Fig. 1 . An analysis of the complete genomic sequences of HK75 and HK639 will be reported elsewhere.
The immunity region of HK639 does not share significant sequence similarity with those of HK022 or HK75. However, it does have the characteristic organization of genes found in lambdoid phages. An inspection of the sequences revealed the presence of a put-like element located downstream of the predicted P L promoter. Surprisingly, no put-like sequence could be identified in the right operon. In lambdoid phages, antitermination has evolved as a mechanism to suppress the activity of transcription terminators located throughout their genomes (23, 25, 35) . We looked for possible transcription terminators in the early right operon sequences of HK639. A computeraided analysis identified a single predicted Rho-independent terminator located between the P R promoter and the Q gene. We do not know if this putative terminator sequence affects HK639 transcription. Potential Rho-dependent terminators were not identified, because the tools for bioinformatic prediction of Rho-dependent terminators are lacking. The only common cis-acting feature of Rho-dependent terminators is richness in rC (3).
Antiterminator RNA sequences in the database. A bioinformatics approach was used to identify other examples of antiterminator RNA. Sequences resembling put sites were discovered in a phage isolated from Erwinia tasmaniensis (Et88) (19) . The Et88 put-like sequences are nearly identical to HK022 putL and putR, respectively. This is the first example of a put-like element in a member of the Myoviridae. Antiterminator RNA sequences were also found in the published genomes of E. coli O55:H7 strain CB9615 and two Enterobacter cloacae strains (ATCC 13047 and NCTC 9394).
An alignment of all known put DNA sequences revealed areas of high sequence conservation ( Fig. 2A) . Some of these correspond to base-paired regions in the folded put transcript (Fig. 2B) , and others correspond to functionally important unpaired nucleotides that were previously identified through mutational analysis of the HK022 putL site (2, 15) . A consensus put sequence was derived from the alignment, and bases that differ from the consensus are highlighted in Fig. 2A ; the consensus sequence represents the most common base at each position. Many of the observed base changes occur in regions that are predicted to be base paired. In each case, a second site mutation that preserves intrastrand base pairing was identified. The evolutionary conservation of intrastrand base pairing provide independent evidence that secondary structure is critical for put function.
Antitermination activity of the HK639 putL sequence. We inserted the predicted HK639 putL sequence between the HK022 P L promoter and a lacZ reporter and compared the ␤-galactosidase activities of constructs that have a cluster of three strong Rho-independent termination sites between put and lacZ to those of constructs that lack the terminators (15) . Fusions containing the native HK639 P L promoter and putL sequence were also constructed, and recombineering was used to create single-copy versions of the different reporter fusions in the E. coli chromosome (28) . The cloned HK639 putL sequence promoted efficient readthrough of the terminator cluster (Table 2 ). This result demonstrates that no additional phage-encoded factors are required for HK639 putL-promoted antitermination. To confirm that the terminator cluster was functional, we showed that it reduced ␤-galactosidase expression to Ͻ0.1% when the multicopy version of the HK022 P L -HK639 putL fusion was assayed in cells that carried the rpoC-Y75N mutation; this mutation prevents antitermination by the HK022 put sites. We conclude that the HK639 putL site interacts with RNA polymerase and performs the same function as the HK022 put sites. However, as described below, we discovered a difference in the specificity of the interaction.
Sequence-specific interaction of HK639 putL with the RNA polymerase (RNAP) ␤-subunit zinc binding domain. Host mutations that prevent put-mediated antitermination are located in the highly conserved ZBD of the ␤Ј subunit of E. coli RNA polymerase (4) . We tested the ability of HK75 and HK639 to form plaques on an antitermination-defective strain (rpoC-Y75N), which expressed different alleles of the rpoC gene from a multicopy plasmid (K74A, Y75N, K76A, R77A,  K79A, H80A, R81A, E86A, and K87A) (26) . The plating phe- (26) reported that the K87A substitution allowed HK022 to grow with slightly increased efficiency. In contrast, we found that the K87A substitution prevented plaque formation by HK639. The observed allele specificity represents a striking difference between HK639 and HK022 and adds to previous evidence that the ZBD specifically recognizes put sequences. Structural analysis and mutagenesis of the HK639 putL site. The sequence of the HK639 putL site is 73% identical to the HK022 putL sequence, and the predicted RNA structures are very similar ( Fig. 2A and B) . However, closer inspection of the predicted HK639 putL structure (Fig. 2B ) revealed several unique features not found in the HK022 putL site. Stems I and II of HK693 putL are each shorter than the corresponding stems in HK022 putL, and the sequence composition and size of the terminal loops also differ from those of HK022. In addition, as noted above, there are numerous base substitutions in stem II of HK639 putL, but base paring is preserved; these are indicated by arrows in Fig. 2B . A striking difference between the HK639 and HK022 putL structures is the presence of two unpaired bases between stem-loop I and stem-loop II of HK639 putL (Fig. 2B) . In HK022, a single unpaired base (G35) occurs at this location (2) . Substitution of this base with adenine eliminated terminator readthrough in fusions containing the TrЈ-T1-T2 terminator cluster. The reason for the functional importance of the unpaired G (G35) in the HK022 putL site is not obvious, but we investigated the significance of the unusual configuration found in HK639 putL by deleting each base individually and measuring the effects on antitermination. Deletion of the unpaired G or the unpaired A eliminated terminator readthrough (Ͻ0.5% RT) (Table 4) . However, neither deletion altered the predicted secondary structure of the folded put transcript.
Mutational analysis of the HK022 put sites showed that the internal loops and bulges in stem-loop II are critical for function (2) . These features are conserved in nearly all known put sites (Fig. 2B) . A notable exception is the absence of the unpaired U near the bottom of stem-loop II of HK639 putL and its replacement with a G in the E. cloacae put structure. Deletion of this bulged residue in the HK022 put site had no in vivo phenotype (2), but the mutant had an unusual behavior in vitro. The U68⌬ mutation of HK022 putL prevented antitermination in vitro, but the modified RNA polymerase retained antipausing activity (17) . Neither the antitermination nor the antipausing activity of the HK639 putL or the put-like site from E. cloacae has been measured in vitro.
Absence of factor-independent RNA-mediated antitermination in the early transcribed region of the HK639 right operon. To find the HK639 putR site, we inspected the intergenic region between cro and the next downstream gene. In HK022, this region contains the putR site. All put sequences characterized to date are approximately 63 bp in length ( Fig. 2A) , but there are only 29 bp separating the cro and cII genes of HK639. Potential RNA secondary structures were predicted using the of an internal loop (see panel B). The alignment was generated using Geneious software. (B) Predicted secondary structures of selected put transcripts. The numbering indicates the distance relative to the predicted start site of transcription. Bases that differ from the DNA consensus (see panel A) are boxed. The arrows indicate the conservation of intrastrand pairing despite sequence divergence from the consensus. The predicted secondary structures of HK639 putL, E. cloacae put, and HK022 putR were chosen for secondary structure display because they show the greatest divergence from the HK022 putL sequence. All secondary structure predictions were generated using Mfold (39). a Single-copy chromosomal fusions contained the put site immediately downstream of the HK022 P L promoter or HK639 P L , and they either contained (ϩTerm) or lacked (ϪTerm) the TrЈ-T1-T2 terminator cluster upstream of the lacZ reporter gene.
b Steady-state levels of ␤-galactosidase activity were measured in mid-logphase cells. The means of 9 to 26 independent measurements are shown with the standard errors of the means.
c Percent readthrough, calculated as the quotient of the two activities, (ϩTerm/ϪTerm) ϫ 100.
d Constructs that contain terminators but lack a functional put site produce Յ5 units of activity. 
The bacterial host strain carried the antitermination-defective rpoC-Y75N allele on the chromosome and a plasmid that expressed the indicated mutant allele of the rpoC gene. WT, wild type.
b The efficiency of plating (EOP) is expressed relative to the titer obtained on the strain that expressed the wild-type allele of the rpoC gene from the multicopy plasmid.
c HK639 plaques were difficult to see on rpoC-R81A and rpoC-R77A; an estimated range is indicated. (Fig. 1) . This region contains a copy of the 80 M3 RNA, a 60 -nucleotide homolog of the OOP RNA of (6) . This region has no sequence similarity with HK022, and the corresponding transcript does not form a put-like structure when examined with the Mfold program (39) . Translation through put-like RNA could potentially disrupt critical secondary structure features that are required for the productive put RNA-RNAP interaction. Therefore, only the predicted secondary structures from nontranslated HK639 right operon sequences were inspected in this manner.
To determine if HK639 early right operon transcripts are antiterminated, we fused a segment of right operon sequence upstream of the TrЈ-T1-T2 terminator cluster and the lacZ reporter gene and downstream of the HK022 P L promoter. The inserted sequences included cro, cII, and the intergenic region between cII and the initial portion of ORF 38 (Fig. 1) . Similar fusions without terminators were also made, and ␤-galactosidase production was measured after induction with mitomycin C. No readthrough of the terminator cluster was observed in these constructs (Ͻ0.3% readthrough). We conclude that there are no put-like RNA antiterminators located in this segment of the HK639 right operon. This experiment did not rule out the possibility that antitermination in the right operon of HK639 may be promoted by an antitermination factor encoded elsewhere on the phage genome. To explore this possibility, we used recombineering to insert a TrЈ-T1-T2-glyT-kan fusion and a control fusion without terminators (glyT-kan) at two different locations in the HK639 right operon. One set of insertions was made in a region that is similar to the nin region of . For each fusion, viable recombinant phage were successfully recovered. These results suggest that antitermination does occur in the right operon of HK639, since the introduced set of terminators did not prevent phage release. However, similar fusions in the M3 region of HK639 (Fig. 1) prevented the recovery of phage either by spontaneous induction or by artificial induction with mitomycin C. This result suggests that these fusions have disrupted an essential phage function. We do not yet know the requirements for HK639 right operon antitermination. There are no sequences in the nontranslated regions of the early right operon of HK639 that are similar to known nut sites. Furthermore, there are no sequences in the HK639 genome that have statistically significant similarity to known N-like proteins.
DISCUSSION
There are many examples of regulatory RNA structures that are used for posttranscriptional control of genes (11, 33) . Riboregulators are small trans-acting RNA molecules that affect mRNA stability and translation of targeted messages. In contrast, cis-acting RNA elements are located in the noncoding portions of mRNAs and control gene expression through allosteric changes in the RNA structure. Examples of such structurally sophisticated RNAs include riboswitches and the mutually exclusive RNA secondary arrangements used in transcription attenuation (13, 38) . The transcripts of the bacteriophage HK022 put sites are important examples of structured RNA molecules that form a unique class of cis-acting regulatory RNA. The put RNAs interact directly with the elongating RNAP and convert it into a termination-resistant form (15) . The modification is stable and promotes persistent transcription antitermination over long distances (15, 27, 32) . In this study, we have presented the discovery of eight put-like antiterminator RNA sequences that are located in bacteriophages or prophages. Consequently, bacteriophage HK022 is no longer the solitary example of these unusual RNA molecules.
DNA sequences implicated in HK022 antitermination were first reported by Oberto et al. in 1993 (21) . Until recently, no sequences with statistically significant similarity to putL or putR had been found in the database, despite the massive accumulation of bacterial and bacteriophage sequences. In 2010, the genome of Erwinia tasmaneinseis phage Et88 was published (19) . This phage contains two put-like sequences that flank a putative repressor gene and are located downstream of predicted divergent promoters (Fig. 1) . We do not yet know the role of the put-like sequences in Et88, but the strong sequence conservation and their characteristic genomic location suggest they likely function as antiterminator RNA. This is the first time put-like sequences have been identified in a published bacteriophage genome, and it is the first time put-like sequences have been identified in a phage that infects a different bacterial genus. In addition, there are only a few examples of put-like sequences in the bacterial DNA database. These put-like elements are located downstream of putative promoters and are embedded in prophage sequences. However, we do not know if these prophage sequences are sufficiently complete to support the production of viable phage.
It is unclear why lambdoid phages have evolved two different but functionally equivalent systems of antitermination. The viability of the hybrid phage immHK022, which contains the antitermination sites of HK022 and most of the terminators, demonstrates that factor-independent and factor-dependent antitermination mechanisms are similar in efficiency and processivity (21) . If there are no differences in efficiency, why did protein-mediated antitermination evolve? It has been suggested that factor-dependent antitermination may be advantageous because it allows several levels of regulation that are absent in phages that use put sites (35) . For example, the N a All fusions were carried on multicopy plasmids and contained the put site immediately downstream of the HK022 P L promoter and either contained (ϩTerm) or lacked (ϪTerm) the TrЈ-T1-T2 terminator cluster upstream of the lacZ reporter gene. The strains also carried a second plasmid that supplied the HK022 repressor (pMOC170).
b ␤-Galactosidase activities were measured 3 h after mitomycin C induction. The means of 2 independent measurements are shown with the standard errors of the means.
c Percent readthrough was determined as the quotient of the activities, (ϩTerm/ϪTerm) ϫ 100.
protein provides a timing delay, since antitermination of the P L and P R transcripts can only occur after N protein has been synthesized and the antitermination complex has been assembled on the surface of RNAP (reviewed in reference 5). It is not known if put-mediated antitermination is controlled. However, it is difficult to envision where such regulation would be integrated, since the transcript can immediately modify the polymerase that synthesized it. In addition, N is subject to translational control. The levels of N are finely tuned to the physiological state of the cell, and this directly impacts the lysis/lysogeny decision (5, 37) . The regulation of the lysis/lysogeny decision in phages with put sites has not been studied.
RNA-mediated processive antitermination may not be a mechanism unique to bacteriophages. Irnov and Winkler (14) recently reported the discovery of a cis-acting RNA element called EAR (eps-associated RNA) that is required for antitermination of biofilm and capsular polysaccharide operons in Bacillales. The EAR element is similar to riboswitches in its structural complexity. Although the EAR element suppresses multiple sequential rho-independent terminators in vivo, this activity has not been recapitulated in vitro using purified components. This suggests that EAR-mediated antitermination requires additional cellular factors. The EAR element may be a platform upon which cellular elongation factors assemble to convert RNAP into a termination-resistant form. Therefore, the EAR element may be functionally equivalent to the nut sites of lambdoid phages. The structural sophistication of the EAR element and the requirement for an auxiliary factor suggest that put-mediated and EAR-mediated antitermination differ mechanistically.
The proposed structure of antiterminator RNA is supported by extensive mutational and biochemical studies on the HK022 put sites (2, 15) . Our comparative analysis of newly identified put sequences reinforces these findings by providing evidence for the evolutionary conservation of critical structural features. To our knowledge, put-like antiterminator RNA remains the only example of an RNA molecule that directly modifies the transcription complex and enhances the elongation properties of RNA polymerase. Among the questions that remain unanswered are what part of the put structure allows RNA polymerase to discriminate between different put sites and how this interaction alters the processivity of transcription.
